A mode-evolution-based polarization rotator-splitter built on InP substrate is proposed by combining a mode converter and an adiabatic asymmetric Y-coupler. The mode converter, consisting of a bi-level taper and a width taper, effectively converts the fundamental TM mode into the second order TE mode without changing the polarization of the fundamental TE mode. The following adiabatic asymmetric Y-coupler splits the fundamental and the second order TE modes and also converts the second order TE mode into the fundamental TE mode. A shallow etched structure is proposed for the width taper to enhance the polarization conversion efficiency. The device has a total length of 1350 um, a polarization extinction ratio over 25 dB and an insertion loss below 0.5 dB both for TE and TM modes, over the wavelength range from 1528 to 1612 nm covering all C+L band. Because the device is designed based on mode evolution principle, it has a large fabrication tolerance. The insertion loss remains below 1dB and the polarization extinction ratio remains over 17dB with respect a width variation of +/-0.12 um at the wavelength of 1570 nm, or +/-0.08 um over the entire C+L band.
Introduction
Controlling polarization state of light in photonic integrated circuits (PICs) is of great importance for high-speed optical communication networks. First, the single mode fiber used in communication networks does not preserve the polarization state [1, 2] and many components such as high index contrast waveguide [3] and micro-ring resonators [1] in PICs are polarization-sensitive. This polarization dependence along with the polarization mode dispersion degrades the performances of PICs at high modulation frequency. To solve the problem, polarization transparent systems were proposed [1, 3, 4] . Second, the polarization state can be utilized in polarization-division multiplexing (PDM) systems to double the spectral efficiency [5] . For the design of either the polarization transparent systems or the polarization multiplexing systems, the polarization manipulation devices including polarization rotator and splitter are key components.
The current designs of the polarization manipulation devices can be categorized into two types: mode coupling and mode evolution. The mode-coupling-based polarization manipulation devices, utilizing the mode beating behavior determined by device geometry and operating wavelength, are inherently fabrication sensitive and wavelength dependent. On the other hand, mode-evolution-based devices have relatively longer device length, required to achieve adiabatic transition, but larger bandwidth and better fabrication tolerance.
To take the benefit of the large bandwidth and fabrication tolerance, it is required to achieve a combination of polarization splitter and rotator both operating based on the modeevolution principle. However, this combination is difficult to realize by a simple fabrication process. For example, to fabricate the design of the mode-evolution-based polarization splitter-rotator proposed by Watts et al. [1, 6, 7] , a complicated process [6, 8, 9 ] including Ebeam lithography was used to achieve the precise dimensional control of asymmetric bi-level tapers. This complicated process will reduce the manufacture yield and thus increase the cost per individual device. Alternative solutions include combinations of mode-evolution device (polarization splitter or rotator) and mode coupling device (polarization rotator or splitter) [10] [11] [12] . One solution [12] includes deep etched width taper, i.e., mode-evolution device, connected to directional coupler, i.e., mode-coupling device. Another solution [10, 11] includes a constant width waveguide, i.e., a mode-coupling device connected to asymmetric Y-coupler, i.e., mode-evolution device. As an advantage, such converters can have relatively small length. However, mode evolution device in series with mode coupling device do not preserve the benefits of using mode evolution device, such as large bandwidth and fabrication tolerance. Accordingly, there is a need to design a polarization rotator-splitter which has a large bandwidth and is simple in fabrication.
In this article, we propose a mode-evolution-based polarization rotator-splitter built on InP substrate, combining the adiabatic width taper with asymmetry Y-coupler [13, 14] . Both devices are mode-evolution-based devices and easy to fabricate, resulting in large bandwidth and fabrication tolerance. This article is structured in two parts: first, the operation principle and structure design are introduced; then, the device performances over the C+L band and the performance variations with respect to fabrication errors are presented. A schematic diagram of the proposed mode-evolution-based polarization rotator-splitter is shown in Fig. 1(a) . The device is designed for the InP/InGaAsP material system, consisting of InP substrate, 370 nm thick InGaAsP core layer with As composition of 60% lattice matched to InP, and 170 nm thick InP upper cladding layer. The device is composed of two parts, a mode converter and an asymmetric Y coupler.
Principle and design
The mode converter, consisting of a bi-level taper pre-converter and a width taper as shown in Fig. 1(a) , is designed to transform the TM 0 mode to the TE 1 mode without changing TE 0 mode. To convert the TM 0 mode to TE 1 mode, the polarization is rotated by 90º. For the current design, approximately 95% of the 90º polarization rotation is realized in the width taper and the remaining 5% is realized in the pre-converter. The waveguiding structure of the width taper is designed by selectively etching through the InP upper cladding layer until reaching the InP/InGaAsP interface as shown in Fig. 1(d) . Figure 2 shows the effective index of modes in this structure as a function of waveguide width. At the input of width taper with a width of 2 µm, the effective index of TM 0 mode is larger than that of TE 1 and the index difference is relatively large. As the waveguide width increases up to 2.6 µm, the index difference between the TE 1 and the TM 0 becomes smaller. Due to the structure asymmetry in vertical direction, these two modes interact with each other and form two hybrid modes, which are neither pure TE nor TM polarization. With the further increase of waveguide width beyond 2.6 µm, the index difference starts to increase and two hybrid modes evolves back into TE 1 and TM 0 modes respectively. It should be noted that at the output of the width taper with a width of 3.1 µm, the second highest index mode (H 1 ) which is TM 0 mode at the input of the width taper becomes a TE 1 mode. Therefore, a TM 0 mode will be converted via the larger index hybrid mode into the TE 1 mode along width taper as shown by arrows in Fig. 2 . Ideally, the polarization conversion efficiency (PCE) can be 100% for device with infinite length. However, for practical device with limited length, the PCE can never reach 100% and does depend on the effective index gap between two hybrid modes. According to the adiabatic criterion, both the coupling strength between two hybrid modes and the PCE increases with the increase of the gap size [15] . To obtain the optimal PCE for the width taper, the dependence of the effective index gap size on device geometrical parameter is investigated. Figure 3 shows the effective index gap between two hybrid modes with 50% TE and 50% TM polarization as a function of the etch depth into InGaAsP core layer at the wavelength of 1570 nm. Each waveguide width of the hybrid mode with 50% TE and 50% TM polarization has different values for each etch depth. These values are determined by parameter scanning and plotted in Figure 3 . The hybrid modes with 50% TE and 50% TM polarization for each etch depth are determined by scanning the waveguide width. Figure 3 demonstrates that as the etch depth decreases, the effective index gap increases, resulting in higher PCE. For this reason, the structure with zero etch depth into the InGaAsP layer is used in our design. However, the strong modes hybridization resulted from this structure causes problems. The H 1 mode at the input of this width taper is not pure TM 0 mode and contains about 5% TE polarization. A pre-converter has to be used to connect another waveguide with pure TM 0 mode to the input of width taper and also to convert the remaining 5% polarization. A waveguide with pure TM 0 mode can be realized by further etching the waveguide structure of the width taper into the InGaAsP core layer by 0.1 µm as shown in Fig. 1(b ). An adiabatic bi-level etch-depth taper [16, 17] shown in Fig. 1(c) can be used to realize the function of the pre-converter. To our knowledge, this is the first use of this type of taper for polarization conversion. Fig. 4 . Comparison of the mode field distributions with and without gold overlap. Electric field in horizontal direction, Ex, is plotted for TE0 mode; magnetic field in horizontal direction, Hx, is plotted for TM0 mode.
As shown in Fig. 1(a) , the asymmetric Y-coupler [13, 14] is designed to evolve the TE 1 and TE 0 from the output of the width taper into TE 0 in the upper branch and the TE 0 in the lower branch of Y-coupler, respectively. To realize these functions, the waveguide width in the upper branch of the Y-coupler is chosen so that the effective index of TE 0 in the upper branch of the Y-couple is equal to that of TE 1 at the output of width taper as illustrated in Fig.2 . The asymmetric Y-coupler has very low insertion loss with high splitting ratio, which will contribute to improving the polarization extinction ratio (PER) for the polarization rotator-splitter.
If the PCE of the mode converter is not 100%, the unconverted TM 0 mode from the output of width taper will also evolve into the TM 0 mode in the lower branch, resulting in lower PER. To solve this problem, a TE mode polarizer integrated into the Y-coupler is proposed to filter out the TM 0 mode. The TE polarizer, similar to the device in [18] , can be realized by simply depositing 100 nm gold on the top of the lower Y-branch waveguide. Figure 4 shows the comparison of mode field distribution of the TE 0 and TM 0 with and without gold overlayer. Compared with the propagation TM 0 modes without gold overlayer as shown in Fig. 4(c) , the TM 0 mode with gold overlayer as shown in Fig. 4(d) becomes a plasmonic mode whereas the TE 0 mode remains a propagation mode after depositing gold overlayer. The absorption coefficient for the plasmonic TM mode is more than 100 times larger than that for the propagation TE mode as shown in Fig. 4(c) . In addition, the transition loss between propagation TM mode and plasmonic TM mode is much larger due to the large mode mismatch as shown in Fig. 4 . As a result, a TE polarizer with an extinction ratio of ~18 dB can be realized within device length of 30 µm.
By combining the mode converter and asymmetric Y-coupler, a TM 0 mode input is converted to TE 0 mode in the upper Y-branch and separated from TE 0 mode in the lower Ybranch evolved from the TE 0 mode input. Fig. 5 . The geometries of the mode-evolution-based polarization rotator-splitter after optimization.
Simulated performance and fabrication tolerance
Using the principle mentioned above, the device is designed and optimized. The commercial software Fimmwave employing eigenmode expansion method [19] is used for device optimization. The finite difference mode solver is used for solving modes in all sections. Figure 5 shows the geometries of the mode-evolution based polarization rotatorsplitter after optimization. For the pre-converter, the length is 50 µm, the width for the higher level rib is 2 µm, and the width of the lower level rib varies from 2 µm to 6.5 µm. For the design of the lithography mask, the width of the lower level rib mask varies from 1 µm to 6.5 µm. This mask design will only require an accuracy of 0.5 µm to align the masks for two etch levels. A three-section width converter similar to the device in [12] is used in this work. The first section is 5 µm long and the width varies from 2 µm to 2.3 µm; the second section is 707 µm long and the width varies from 2.3 µm to 2.85 µm; the third section is 188 µm long and the width varies from 2.85 µm to 3.1 µm. A two-section asymmetric Y-coupler similar to the device in [20] is used in this work. For both sections, the upper branch waveguide is 1 µm wide and the lower branch waveguide is 2.1 µm wide. The first section is 260 µm long, and the separation between two branches varies from 0 µm to 0.6 µm; the second section is 140 µm long, and the separation between two branches varies from 0.6 µm to 3.5 µm. The integrated TE polarizer is 30 µm long. The total device length is 1350 µm. Sidewall scattering loss was not considered in the simulation, since it is expected to be small because of shallow etching. Waveguide absorption loss was also not included, since it is an independent parameter that can be optimized by the crystal growth. Figure 6 shows the normalized TE 0 mode output power from the upper and lower Ybranches and the normalized TM 0 mode output power from the lower Y-branches as a function of wavelength from 1528 nm to 1612 nm excited by TE 0 mode input (a) and TM 0 mode input (b). For TE 0 mode input, the device has an insertion loss below 0.37 dB and PER over 25 dB over the entire C (1528-1567 nm) +L (1565-1612 nm) band. For TM 0 mode input, the device has an insertion loss below 0.46 dB and PER over 27 dB over the entire C +L band. At the center wavelength of 1570 nm, for TE 0 mode input, the device has an insertion loss below 0.43 dB and PER over 17 dB with respect to a width variation of +/-0.14 µm. For TM 0 mode, the device has an insertion loss below 1 dB and PER over 17 dB with respect to a width variation of +/-0.12 µm. This compares favorably to the reported polarization splitter-rotator utilizing InGaAsP/InP structures, which have a fabrication tolerance of about +/-0.05 µm for insertion loss less than 1 dB for TM 0 input [21] . To satisfy PER greater than 17 dB and insertion loss below 1 dB over the entire C+L band, the tolerance for the width is +/-0.08 µm.
Conclusion
In this article, a mode-evolution-based polarization rotator-splitter is proposed by combining a mode converter and an adiabatic asymmetric Y-coupler. The mode converter consists of a bilevel taper and a width taper. A shallow etched structure is proposed for the width taper to enhance the polarization conversion efficiency. A TE polarizer integrated in the Y-coupler is proposed to enhance the polarization extinction ratio. The device has a total length of 1350 µm, a polarization extinction ratio over 25 dB and an insertion loss below 0.5 dB both for TE and TM modes, over the wavelength range from 1528 to 1612 nm, covering all C+L band. This device is easy to fabricate and only requires photolithography alignment of 0.5 µm. In addition, this device has a large fabrication tolerance. The insertion loss remains below 1 dB and the polarization extinction ratio remains over 17 dB with a width variation of +/-0.12 µm at the wavelength of 1570 nm, or with a width variation of +/-0.08 µm over the entire C+L band. Although this device is proposed and optimized for the InGaAsP/InP material system, it could also be employed for silicon on insulator or other material systems.
